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A puzzle has long existed for the α-cluster content in the near-threshold 7.54 MeV state of 10Be.
A new measurement was conducted to measure the cluster-decay partial width of this state, using
the reaction 9Be(9Be, 10Be
∗ → α+6He)8Be at 45 MeV beam energy. Special measures were taken to
reduce the strong near-threshold background. The neutron-decay strength was also obtained based
on the three-fold coincident measurement. A cluster-decay branching ratio of (4.04±1.26)×10−4 is
obtained, resulting in a reasonably large α-cluster spectroscopic factor. The present work confirms
the formation of the σ-bond molecular rotational band headed by the 6.18 MeV state in 10Be.
It has been well established that, in light nuclei,
the quantum states formed near the cluster-separation
threshold tend to possess a large degree of cluster
configuration [1–5]. In recent years clustering has also
been identified in neutron-rich unstable nuclei where the
excess valence neutrons may act as the valence bonds
similar to those in atomic molecular systems [2].
The persistence of the clustering effect from stable to
unstable nuclei has initially been demonstrated along
the Beryllium isotopic chain [2, 6–8]. In the case of
neutron-rich 10Be, the four excited states around 6 MeV
(about 2.5 MeV below the 2n separation threshold)
can be perfectly explained by the combination of the
valence neutron orbits surrounding the 2-α cores [8, 9].
These predominant molecular structures in the excited
states of 10Be are also supported by the Antisymmetrized
Molecular Dynamics (AMD) calculations [10, 11], and
by various experimental evidences [2]. Based on these
speculations, the observed excited states in 10Be were
grouped into several molecular rotational bands headed
by states at around 6 MeV and characterized by very
large moment of inertia [2, 9]. These molecular bands
form a beautiful classification of the excited states in
10Be [2]. The applicability of this classification depends,
of course, on the intrinsic structure of each member state
in these bands ([12–15] and references therein).
Among the predicted molecular rotational bands in
10Be, the one formed by the states at 6.18 MeV (0+2 ),
7.54 MeV (2+3 ) and 10.15 MeV (4
+
1 ) has acquired special
attention, owing to its pure σ-bond feature [2, 10, 11],
which leads to the longest chain shape corresponding
to the largest moment of inertia. In addition to the
spin-energy systematics associated with the moment of
inertia, the cluster-decay partial width is of essential
importance since it determines quantitatively the cluster
content in a resonant state. The cluster-decay strength
of the 10.15 MeV state in 10Be has been measured in
many experiments [12, 13]. A spin-parity of 4+ and a
6He + α cluster spectroscopic factor (SF) ranging from
0.66 to 2.23, for a channel radius from 1.8 to 1.4 fm,
were firmly established, indicating an almost pure cluster
structure in this state [16, 17]. The band head at 6.18
MeV (0+2 ) is below the α-separation threshold at 7.41
MeV. It is interpreted as a pure σ-bond molecular state
based on its selective population and γ-decay properties
[8], and on the consistent theoretical calculations [2, 11].
However, for the 7.54 MeV (2+3 ) member state, being
just 0.132 MeV above the α-separation threshold, the
experimental investigations related to the cluster-decay
are very limited, due mostly to the extreme difficulties
in the near-threshold measurement and analysis. The
first experimental result was obtained from the reaction
7Li(7Li, 10Be
∗ → α + 6He)α at 34 MeV beam energy
[18]. A branching ratio (BR) of 3.5(12) × 10−3 was
reported. Another experiment, using the reaction
7Li(6He, 10Be
∗ → α + 6He)t at 18 MeV beam energy,
generated only a lower limit of BR ≥ 2.0(6) × 10−3
[19]. We notice that the significantly suppressed α-decay
fraction is basically attributed to the extremely small
relative energy against a large Coulomb barrier. Hence
the cluster content inside the mother nucleus may still be
large. Using the above referred BR [18], an unreasonably
large cluster SF of 51(19) for this 7.54 MeV state was
extracted by Fortune et al. [12]. This puzzle has not
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2been solved so far due essentially to the experimental
difficulties.
We present here a new measurement of the α-decay
BR of the 7.54 MeV state in 10Be, using the reaction
9Be(9Be, 10Be
∗ → α+ 6He)8Be at 45 MeV beam energy.
This reaction was chosen after a careful consideration
of the beam availability, and the compromise between
the optimal detection of the decay fragments and
the necessary to avoid the high-flux elastic scattering
particles at very forward angles. It would be worth noting
that the pi-type orbit in 9Be(g.s.) may be replaced by the
σ-type orbit when expanding the distance between the 2-
α cores [2, 8], which is just the case for the well deformed
10Be(2+3 ) state [10]. Hence the population of the σ-bond
molecular state, such as the 7.54 MeV (2+) state in 10Be,
is possible in the present one neutron transfer reaction,
as justified by some previous experiments [20–23]. In the
present work, some special measures were taken to handle
the near-threshold background and to determine the
contributions from the neutron-decay channel. Finally
a much smaller cluster-BR is obtained for the 7.54 MeV
state , being consistent with the theoretical expectations.
The experiment was carried out at the HI-13 tandem
accelerator facility at China Institute of Atomic Energy
(CIAE) [4]. A 45 MeV 9Be beam with an intensity
of about 1 pnA was used to bombard a self-supporting
9Be target (166-µg/cm2). A schematic drawing and
detailed descriptions of the detector setup can be found
in Refs.[4, 24]. The reaction products were detected and
identified by six silicon-strip telescopes, namely U0, U1,
U2, D0, D1 and D2, which were placed symmetrically
on both sides of the beam axis [4, 24, 25]. Double sided
silicon-strip detectors (DSSDs) were employed, providing
excellent two-dimensional position resolutions and the
ability to record multi-hit events in one telescope. The
forward-angle telescope U0(D0) was centered at 23◦ with
respect to the beam direction and at a distance of 140 mm
from the target. The large-angle telescopes U1(D1) was
at 60◦ and 116 mm, respectively. U2(D2) telescope was
installed at the backward angle for other purpose [4, 24].
The active area of each telescope is 50×50 mm2. Energy
calibration of the Si detectors was realized by using a
three-component α source and the elastic scattering of
9Be off a 197Au target. The typical energy resolution of
the silicon-strip detector was better than 1.0% for 5.49-
MeV α particles [26, 27]. We note that the application
of the DSSDs with small-size pixels (2 × 2 mm2 ) is
of essential importance here. Since the targeted 7.54
MeV resonance is only 130 keV above the α-separation
threshold, the opening angle in the laboratory system
is small for the decay products, of which the coincident
detection efficiency depends sensitively on the pixel size.
Using the standard energy-loss versus stoping-energy
(∆E-E) method, excellent particle identification (PID)
performance was achieved up to beryllium isotopes
(Fig. 1). The overall performance of the detection system
was checked by reconstructing the 8Be energy spectrum
from the 2-α particles which were coincidentally detected
in one forward-angle telescope [13, 25, 28].
The energy released in a reaction, namely the
reaction Q-value, is a useful quantity to select the
reaction channels [4]. It should be noted that the
7.54 MeV resonance in 10Be has only two possible
particle-decay channels (n- and α-decay), while its
γ-decay is negligible [18]. The purpose of the present
experiment is then to study two reaction-decay channels:
(a) 9Be(9Be, 10Be
∗ → α+ 6He)8Be (Qggg = -2.26 MeV);
and (b) 9Be(9Be, 10Be
∗ → n + 9Be)8Beg.s. → 2α
(Qggg = -1.57 MeV). Qggg here means the Q-value for
all particles in their ground states. The relative yields
of these two channels, generated from the intermediate
7.54 MeV resonance in 10Be, allow to deduce the
absolute α-decay BR of this state.
For channel (a), due to the interest on the low relative
energy states, we only use events with α + 6He pair
being detected within one forward-angle telescope. The
energy of the recoil 8Be can be deduced according tog
momentum conservation. As a result,
Q = Etot − Ebeam = ΣEi − Ebeam, (1)
where E denotes the kinetic energy and i runs for
FIG. 1. PID spectrum measured by the U0 telescope using the
∆E -E method. The inset shows the projected PID spectrum
[27] gated on 6He as another coincident particle in the same
telescope.
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FIG. 2. Experimental Q-value spectra for the two reaction
channels: (a) 9Be(9Be, 10Be
∗ → α+6He)8Be (Qggg = -2.26 MeV);
and (b) 9Be(9Be, 10Be
∗ → n + 9Be)8Beg.s. → 2α (Qggg = -1.57
MeV).
3all particles in the exit channel. The corresponding
spectrum is shown in Fig. 2(a), in which a narrow peak
stands for Qggg and a broader one at lower Q values is
associated with the first excited state of 8Be (3.03 MeV,
2+).
The relative energy (Erel) of the decay products can be
deduced according to the invariable mass (IM) method
[29]. The associated excitation energy is thus Ex = Erel+
Eth, with Eth the cluster separation energy [29]. Since
both Ex for
10Be and Q-value for the reaction channel (a)
are calculable based on the detected α + 6He pair, the
corresponding two-dimensional spectrum can be plotted
to illustrate their possible correlations (Fig. 3(a)).
In order to have a strict constraint on the reaction
mechanism, a gate on the Qggg peak (region G1 in
Fig. 3(a)) is applied to the projection onto Ex, as
displayed in Fig. 3(b). As shown in the figure, the peak at
around 9.5 and 10.1 MeV agree exactly with the previous
observations [16, 30, 31], indicating the correctness of the
present measurement and analysis. But for the peak at
about 7.54 MeV, very close to the threshold, cares must
be taken since there appears a relatively strong band
at around this excitation energy but distributed broadly
along the Q-dimension, as approximately indicated by
the gate G2 in Fig. 3(a). To analyse its influence
on the event counting for the 7.54 MeV resonance in
10Be, we project this band onto the Q-value dimension,
as displayed in Fig. 3(c). It would be important to
check the possible contamination to the Qggg peak by
this background band. We find that this contamination
depends quite sensitively on the PID selection. In our
case, as demonstrated in Fig. 1, the identification for
6He is very clean, whereas that for 4He might be mixed
by some nearby 3He. We have plotted the Q-value
spectrum gated on the left-side-half or right-side-half of
the 4He peak (see the inset of Fig. 1), respectively. It
was evidenced that the contamination to the Qggg peak
is appreciable with the former gate, but negligible with
the latter gate, similar to the background under the Qggg
peak in Fig. 2(a) and Fig. 3(c), respectively. Therefore
the latter selection of 4He, together with the normal
selection of 6He, were adopted for the final analysis of the
resonance, as presented in Fig. 3. Of course, the efficiency
simulation follows exactly the applied gates at the
relevant steps. From Fig. 3(c) it can be seen that theQggg
peak is well distinguished from the background band
distribution. The remaining minor scattered background
exists all over the two-dimensional spectrum, as exhibited
by Fig. 3(d), which can be naturally subtracted from
the Ex spectrum. Actually, from the well standing two-
dimensional Qggg-Ex(7.54 MeV) peak (Fig. 3) and by
subtracting the beneath background, we have obtained
the counts for the resonance as 32±10, taken into account
the factor 2 for the 4He selection as mentioned above.
The uncertainty here is statistical only, including the
background contribution.
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FIG. 3. Spectra deduced from the detected α + 6He pairs. (a)
two-dimensional plot for Ex versus Q-value; (b) The projected Ex
spectrum for Q-value around Qggg (gate G1); (c) The projected
Q-value spectrum for Ex around 7.54 MeV (gate G2); (d) The
projected Ex spectrum for Q-values at the right side of Qggg (gate
G1r).
We note that there are other two possible
contaminating exit channels, namely 6He +12 C∗(→ 3α)
and α + 14C
∗
(→ α + 10Be∗(→ α+6 He)), which
are composed of the same mass combinations as the
reaction channel (a). However, in the case of 12C∗ → 3α
decay, the simulation shows that having one of these
α-particles going into the forward angle telescope while
keeping another two closely (as 8Be g.s.) at large angle
would require very high excitation energy in 12C (> 10
MeV). Furthermore, the Dalitz-plot for the possible
12C high-excitation versus the 10Be excitation, using
the real data, does not show any structure correlation.
Therefore, this background channel does not affect the
actual extraction of the well-distinguished 7.54 MeV
peak in 10Be. In the case of 14C production and decay,
the two undetected α-particles, one recoiling to a large
angle and another from 14C-decay emitting to a forward
angle, are separated from each other and cannot fake
the 8Be(g.s.) as required by the actual Qggg. The
exclusion of this contamination has also been verified by
simulation and real data analysis [4]. The effect of the
target impurities, mainly carbon and oxygen contents,
were analyzed and eliminated by using the EP-plot
method [32]. Event mixing was also checked against the
Q-value spectrum.
To investigate the reaction channel (b), events were
selected by requiring 2-particles being detected by a
large-angle telescope (U1/D1) and one 9Be nucleus
coincidentally detected by a forward-angle telescope
(D0/U0). Again the energy of the missing neutron can
be calculated according to the momentum conservation.
Although the two particles detected by a large-angle
telescope were not clearly identified due to their very low
kinetic energies, the clear Qggg peak in Fig. 2(b) assures
the case since any other mass combination must give
4much lowerQ-value. This is further ascertained by gating
on the relative energy of these two nearby particles as the
g.s. of 8Be (∼ 91 keV). Due to the larger uncertainties
in detecting these two very low energy α-particles the
deduced Q-value spectrum exhibits a larger peak-width
(Fig. 2(b)). Remarkably, there is almost no continuous
background in the lower Q-value region, owing to the
three-folds coincident detection.
The presently targeted exit channel is inevitably
accompanied by a very probable inelastic scattering
channel 9Be(9Be, 9Be
∗ → n + 8Be)9Be, which possesses
the same Q-value but does not reflect the 10Be excitation.
In order to reduce this contamination, Ex from
9Be +
n reconstruction is plotted against cosϕn , as shown in
Fig. 4(a). Here ϕn stands for the azimuthal angle of the
deduced neutron in the laboratory system, with the 0-
degree axis lies in the horizontal plan and points to the
side having the 9Be detection. As presented in Fig. 4(a),
cosϕn distribution is concentrated around +1 and -1,
with the real resonances in Ex, such as the one at about
7.5 MeV, placed at the +1 end. This plot provides a good
discrimination between the targeted reaction channel (b)
and the above mentioned contamination channel. In
fact, the former tends to emit a neutron close by the
forward moving 9Be, while the latter combined with the
recoil 8Be at the opposite side of 9Be. Considering both
the signal to background ratio and the signal detection
efficiency, we require cosϕn ≥ 0.5 when accumulating
the Ex spectrum for
10Be (Fig. 4(b)). We note that
Fig. 4(a) could be replaced by the Dalitz-plot of 10Be∗
versus 9Be∗. However the present method provides a
better performance.
Previously the excited states in 10Be were observed
at 7.37 and 7.54 MeV [33], which should be included in
our fitting analysis of the relatively broad peak around
7.5 MeV. The detection efficiency and energy resolution
as a function of Ex were estimated by Monte Carlo
simulation taking into account the realistic detector setup
and performances [34, 35]. Dotted line in Fig. 4(b) show
the the relative efficiency. The resolution ranges from
FIG. 4. (a) Two-dimensional plot for the reconstructed Ex(10Be)
versus cosϕn. ϕn stands for the azimuthal angle of the deduced
neutron, as defines in the text. (b) Excitation energy Ex in 10Be
deduced from the n + 9Be decay channel, subject to event selection
as described in the text. The curves are also explained in the text.
∼200 keV (standard deviation σ) at Ex = 7.37 MeV up
to ∼240 keV at Ex = 7.54 MeV. The intrinsic widths
of the resonances were previously reported as ∼10 keV
for both states [33]. The data after efficiency correction
were fitted by using two Gaussian-shape functions with a
fixed interval of 170 keV between their central positions
(dashed lines in Fig.4(b)), together with a smooth
background function [35] (dot-dashed line in Fig.4(b)).
The adopted widths (σ) after the variation are 195 keV
and 245 keV for the 7.37 MeV and 7.54 MeV peaks,
respectively, being consistent with the simulation results.
Finally, the counts Nn = 19146 ± 138 is determined for
the decay 10Be(7.54 MeV) → n + 9Be , subject to the
applied cuts which will be accounted for by the efficiency
simulation. The uncertainty here is statistical only. By
using events in this dominating neutron decay channel,
together with the integrated incident particle number,
the target thickness and the simulated detection solid
angle, we obtain a population cross section of 65 µb/sr at
about 250 lab. (15 µb/sr at about 550 c.m.) for the 7.54
MeV state in 10Be. Here the statistical uncertainty is less
than 1% while the systematic uncertainty is estimated to
be about 10% resulted mainly from the beam integration.
Monte Carlo simulations were conducted for both
reaction-decay channels (a) and (b), using realistic
experimental setup and event selection configurations.
The differential cross section for transferring into
the 7.54 MeV (2+3 ) state in
10Be was generated
by the Distorted-Wave-Born-Approximation (DWBA)
calculation using the code Fresco [36]. The optical
potential parameters were taken from Refs. [37, 38].
From the simulation the ratio of the acceptances for the
two reaction-decay channels, εα/εn, is determined to be
4.14.
The BR for α-decay from 10Be(7.54 MeV) is now
expressed in the form:
Γα
Γtot
=
Nα/εα
Nα/εα +Nn/εn
=
Nα
Nα +Nn
εα
εn
(2)
where Nα and Nn represent the detected α and neutron
numbers from the resonance. Using the known numbers
we obtain Γα/Γtot = (4.04 ± 1.26) × 10−4. The error
here is statistical only. In addition some systematic error
of about 10% is estimated, considering the reasonable
parameter variations in the simulation and the function
selection in the fitting procedure. The presently
obtained cluster-decay BR is significantly smaller than
the previously measured ones [18, 19]. The existing
observed BRα results are listed in Table I.
Based on the single-channel R-matrix approach, the α-
decay partial width Γα can be converted into the reduced
width γ2α according to the formula [34, 39]:
γ2α =
Γα
2Pl
, (3)
5with Pl being the barrier penetrability factor [34, 39].
γ2α is generally presented with respective to the Wigner
Limit γ2αW , leading to the dimensionless reduced width
θ2α = γ
2
α/γ
2
αW with γ
2
αW = 3~2/(2µR2) [16, 40]. Here µ
is the reduced mass of the decaying cluster system and
R the channel radius given by R = r0(A
1/3
1 + A
1/3
2 ).
θ2α is also interpreted as the “α-cluster spectroscopic
factor (SF)” [16], which is sensitively dependent on R.
As a matter of fact, extremely large deformation or
inter-α-core distance has been predicted for the σ-bond
molecular states in 10Be, in comparison to its ground
state [3, 10]. Using the known total width Γtot = 6.3 keV
[12] and BRα measured in the present experiment, we
obtain θ2α ranging from 2.56(80) to 0.87(27) for the
reduced radius r0 from 1.4 to 1.8 fm. This SFα result
is similar to that for the 4+1 state in the same molecular
rotational band, which ranges from 2.23 to 0.66 for r0
from 1.4 to 1.8 fm [16], and is fairly consistent with the
maximum degeneracy of α-particle.
We notice that the cluster SF for 2+3 isobaric analog
state in 10B (8.894 MeV) was reported to be 0.73(13) [21],
when deduced by using the standard reduced channel
radius r0 = 1.4 fm and the Wigner Limit as defined
above [16, 40]. The difference between this value and
our results for 10Be (7.54 MeV) is twice as large as the
summed error bar. The same difference is also evidenced
by the BRα in Table I. This kind of cluster-SF difference
between analog states was observed at other occasions as
well. For instance, the 8.898 MeV (3−; T = 1) state in
10B has a reported large SFα of 0.42, whereas its analog
in 10Be (7.31 MeV, 3− state) is a well-recognized pure
single-particle state [21]. Indeed, theoretical studies
using the Gamow shell model have revealed that, for
the weakly bound or unbound systems, the structure of
isobaric analog states varies within the isomultiplet and
impacts the associated particle SF [41]. This variation
is mainly related to the large asymmetry between
proton and neutron emission thresholds which modify
the respective coupling to the continuum. Since the
cluster formation occurs most likely at around the cluster
separation threshold and is often mixed with single-
particle configuration especially in the case of unstable
nuclei, the spectroscopic change within the clustering
isomultiplet might be enhanced. As an example, this
kind of structure change has been demonstrated by the
10Be - 10C mirror system. The allowed 2p-emission from
the 0+2 or 2
+
3 level of
10C leads to significant structure
TABLE I. Summary of the α-decay branching ratio (BRα) of
the 7.54 MeV (2+3 ) state in
10Be.
Data source BRα
Experimental result from [18] (3.5± 1.2)× 10−3
Experimental result from [19] ≥ (2.0± 0.6)× 10−3
Present experimental result (4.04± 1.26)× 10−4
Converted from 10B analoga (1.3± 0.3)× 10−4
a adapted from Ref. [21] for a reduced radius r0 = 1.4 fm.
change in comparison to its mirror counterpart in 10Be
which has no corresponding 2n-emission channel because
of the relatively higher threshold [42]. In addition, the
isospin mixing may also result in spectroscopic change.
For example, the strong clustering 2+(8.894 MeV; T =
1) state in 10B has a reported isospin-conservation α-
decay width of about 18 keV, together with an isospin-
violating decay width of about 12 keV [21]. This isospin-
mixing in decay process does not exist in the 10Be analog
state (7.54 MeV). We notice again that the extraction
of the cluster SF depends sensitively on the channel
radius of the resonance, which may be changed state by
state for weakly bound or unbound system, as recently
demonstrated in Ref. [43]. Thus, the valuable comparison
among SFs of the analog states requires also independent
determination of the radius. It is obvious that the precise
and independent measurements of cluster-decay BRs
and other observables for analog states would provide
important information for the study of isospin-symmetry
breaking in exotic composite nuclear systems.
In summary, a new experimental investigation of
the cluster structure of the 7.54 MeV (2+) resonant
state in 10Be was performed by using the reaction
9Be (9Be, 10Be)8Be at 45 MeV beam energy. Special
measures were taken to reduce the strong near-threshold
background and to assure a reliable extraction of the
cluster-decay events from the resonance. The neutron-
decay from the same resonance was also analyzed
based on the three-fold coincident measurement. A
cluster-decay branching ratio of (4.04 ± 1.26) × 10−4
is determined for the 7.54 MeV resonance in 10Be.
The deduced α-cluster SF is from 2.56(80) to 0.87(27)
for the reduced channel radius r0 from 1.4 to 1.8 fm.
The present work, together with the well established
cluster-description of the 6.18 MeV (0+) and 10.15 MeV
(4+) states, leads to a comprehensive understanding
of a perfect molecular rotational band in excited 10Be.
The comparison between the currently obtained cluster
SF with that of the analog state in 10B may stimulate
further studies of the isospin-symmetry breaking in
clustering nuclear systems.
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